In this first-principles study, we present density-functional calculations of the electronic structures and electron transport properties of organic molecular junctions with several anchoring groups containing atoms with different electronegativities, i.e., benzenediboronate (BDB), benzenedicarboxylate (BDC), and dinitrobenzene (DNB) molecular junctions sandwiched between two Cu(110) electrodes. The electronic-structure calculations exhibit a significant difference in the density of states not only at the anchoring groups but also at the aromatic rings of the molecular junctions, suggesting that the electron transport is specific for each system. Our transport calculations show that the BDB and DNB molecular junctions have finite electron transmissions at the zero-bias limit while the BDC molecular junction has a negligible electron transmission. Moreover, for the BDB and DNB systems, the electron transmission channels around the Fermi energy reveal fingerprint features, which provide specific functionalities for the molecular junctions. Therefore, our theoretical results demonstrate the possibility to precisely tune the electron transport properties of molecular junctions by engineering the anchoring groups at the single-atom level.
I. INTRODUCTION
Since the first suggestion of a molecular nanoscale device, i.e., the single-molecular rectifier designed theoretically by Aviram and Ratner, 1 molecular electronics exploiting physical and chemical properties of organic molecules has attracted much attention and has been the focus of intense research in the last decade. 2 In the development of such functional electronic devices built on organic molecules, to understand the electron transport properties of the molecular devices is obviously one of the most important issues to determine device performance.
So far, a number of experimental and theoretical studies on various molecular junctions have been carried out to gain a fundamental understanding of their electron transport properties. 3 Among many possible choices for organic molecules to be used in molecular devices, the electron transport properties of the benzenedithiolate molecule suspended between a pair of Au electrodes has been widely studied. 4 This is mainly motivated by the fact that the strong S-Au bond at the hybrid interface, which links the benzene ring to the Au surface, leads to a stable molecule-surface bonding, and such molecular junctions have been extensively studied in experiments. 5 Recently, the carboxylate group (-COO) has been experimentally and theoretically proposed as an alternative anchoring group that binds benzoate (C 6 H 5 -COO), 6 monoterephthalate (HOOC-C 6 H 4 -COO), 7 and pyridine-2-carboxylic-5-carboxylate (HOOC-C 5 NH 3 -COO) 8 molecules to a Cu(110) surface via O-Cu bonds. Furthermore, a fine tuning of the electric structure of a monoterephthalate molecule adsorbed on a Cu(110) surface can be achieved by substituting the C-H groups in the aromatic ring with N atoms. 9 As mentioned above, these studies have been mainly focused on the description of the geometrical and electronic structures of organic molecules adsorbed on a metal surface. However, to integrate the functionality of the carboxylatemetal bond in future molecular electronic devices, it is necessary to investigate in detail the electronic structure and the electron transport properties of such organic molecules bridging between two metal electrodes.
As a first step to reach this goal, an important issue is to establish the relation between a specific chemical structure of the anchoring bond and the electron transport properties of the electrode-molecule-electrode junctions. In the case of molecular junctions with a S-Au anchoring bond, only a few systematic studies performed by Ke et al. 10 and Di Ventra and Lang 11 have addressed this problem, by replacing the anchoring S atoms between the benzene ring and the Au electrodes with chalcogen atoms and examining the change in the conductance of the molecular junctions. However, for reliable design of molecular electronic devices it is important to understand in detail how the electron transport changes as a function of characteristic chemical structure of the anchoring groups.
Therefore, in this paper, we systematically investigate the change in the electronic structure and electron transmission of three chemically functionalized molecular junctions via different anchoring groups. More precisely, we consider benzenedicarboxylate (OOC-C 6 H 4 -COO, BDC for short, also known as terephthalate), 12 benzenediboronate (OOB-C 6 H 4 -BOO, BDB for short, also known as phenyldiboronate), 13 and dinitrobenzene (OON-C 6 H 4 -NOO, DNB for short) 14 molecules attached to two Cu(110) electrodes via carboxylate-Cu, boronate-Cu, and nitro-Cu anchoring bonds, respectively. The choice of these molecular systems is motivated by the observation that, compared to the carboxylate group, in the boronate group the carbon is replaced by a less electronegative B atom, while in the nitro group the carbon is replaced by a more electronegative N atom. To the best of our knowledge, no studies on the molecular junctions of benzenedicarboxylate, benzenediboronate and dinitrobenzene have been reported so far.
As a consequence, the electronic structures of these molecular junctions are significantly different both at the anchoring groups and at the aromatic ring, suggesting that the electron transport properties can exhibit specific features for each system. Indeed, our calculations of ballistic electron transport show clear fingerprints in the electron transmissions around the Fermi energy at zero bias: The BDB and DNB molecular junctions have finite electron transmissions, while the electron transmission of the BDC molecular junction is negligible. Furthermore, for the BDB and DNB molecular junctions the electron transmission spectra significantly differ above the Fermi energy, which differentiate these systems. Moreover, these molecular junctions are also expected to have different electron transport properties when applying finite bias voltages. This paper is organized as follows. In the next section, we describe the computational methods used in this study and present molecular junction models employed in this work. In Sec. III, we analyze the electronic structures and electron transport properties of the molecular junctions incorporating different anchoring groups, while in Sec. IV we summarize the results obtained in our comparative study.
II. CALCULATION METHODS AND MODELS
All calculations presented in this paper are performed within the framework of the density functional theory (DFT). 15 To determine the electronic ground states of the organic molecular junction systems to be employed in this work, we use an electronic-structure calculation code based on the real-space finite-different formalism, 16 in which the normconserving pseudopotentials 17 proposed by Troullier and Martins 18 are incorporated to describe the interaction between valence electrons and an ion core, and the exchange-correlation interaction is treated by the local density approximation (LDA). 19 The electronic-structure calculation method enables us to determine the self-consistent electronic ground state with a high degree of accuracy by means of the time-saving double-grid technique. 20 In the computations of the electron transmissions through the molecular junctions, we employ a code calculating ballistic electron transport based on the real-space finite-difference formalism 21 in order to maintain consistency with the electronic-structure calculations. The self-consistent potential determined by the electronic structure calculations and pseudopotentials used to calculate it are the input into the electrontransport code, and hence the scattering wave functions of electrons inside the molecular junctions are determined to the given potential non-self-consistently. It has been reported that the non-self-consistent procedure is just as accurate within the linear response regime but significantly more efficient than performing self-consistent expensive computations on a scattering wave basis. 22 Electron transmission G(E) is evaluated by means of the Landauer-Büttiker formula, 23 i.e.,
G 0 is the quantized conductance, and G 0 = 2e 2 /h, where e is the electron charge and h is Planck's constant. Here, T ij is the transmission probability of electrons flowing from the ith channel in an electrode to the j th channel in another electrode, and is obtained from the scattering wave functions by means of the channel decomposition technique. 24 It is important to keep in mind that the use of the LDA functional in DFT calculations may result in the overestimation of electron transmission because of the underestimation of the band gap. 25 However, such an approach is well known to give insight into the qualitative trends of electron transport properties.
26 Figure 1 shows a schematic representation of the computational model employed in this work. All BDB, BDC and DNB molecules are planar, and they differ from each other through one atom in each anchoring group, i.e., a boronate (in BDB) contains a B atom, a carboxylate (in BDC) contains a C atom, and a nitro (in DNB) contains a N atom.
In order to explicitly include the effect of the local chemical bonding between the molecule and the metal electrodes in the molecular junction structures (see Fig. 1 ) each molecule is sandwiched between a pair of Cu(110) electrodes with two Cu adatoms at each end. More exactly, we assume a molecular junction structure such that each organic molecule is attached to a pair of Cu adatoms lying on the Cu(110) surface. Besides this, in the most stable adsorption geometry at the interface between the molecule and a Cu surface, each O atom in the anchoring groups attaches to a Cu adatom, 6 i.e., two strong O-Cu bonds are formed at the molecule-substrate interface such that the O-O distances in the anchoring groups are almost commensurate with the Cu-Cu distance in the [110] direction of a Cu(110) surface. 27 Hereafter, the molecule with the Cu adatoms is referred to as Cu-terminated molecule.
Structural optimization of the molecular junctions has been performed using the following procedure. First, an isolated Cu-terminated molecule is relaxed, and then each end of the relaxed molecule is attached to a Cu(110) ideal surface in order to form the Cu fcc crystal structure with a distance of 1.29Å (2.43 bohrs), 28 as depicted in Fig. 1 . Next, the positions of the colored atoms in the junction structure, shown in Fig. 1 , are relaxed under the restriction of the three-dimensional periodic boundary conditions, i.e., four bulk-like Cu(110) layers in each electrode are fixed.
We have employed another type of molecular-junction system as well, in which the three bulk-like Cu(110) layers in each electrode are replaced with a jellium model. In other words, each Cu electrode is represented by three Cu(110) layers and a following jellium part. In the jellium model, the only parameter needed to be specified is the Wigner-Seitz radius, which is set to 0.64Å (1.21 bohrs) . The purpose of using these two junction systems is to see how much the jellium approximation affects the electronic structures around the molecular region (see Fig. 1 ), which is essential to the transport property. The jellium approximation is just required by the electron transport calculation method used in this work, and allows us to compare the electronic structure and electron transport directly.
III. RESULTS AND DISCUSSION
In this section we first discuss in detail the electronic structures of the three molecular junctions considered in our study. Their electronic structures are investigated through projected density of states (PDOS) N σ (E) and N π (E), where the former and the latter represent PDOS evaluated from the σ -and π -characteristic molecular orbitals, respectively. The PDOS is formulated as
where n i,σ (π) is the atomic population originating from the ith molecular orbital, and f (E − ε i ) is a broadening function with the center at the eigenenergy of the ith molecular orbital, ε i . In this work, we have chosen a Gaussian function for the broadening function. 29 The atomic population n i for the molecular-orbital index i = 1,2, . . . is determined by
Here, c ij is the projection coefficient of the ith molecular orbital ψ i onto the j th atomic basis function φ j as c ij = φ j |ψ i , and the set of the atomic basis functions {φ j } is orthonormalized. For this kind of population analysis using the Mulliken formalism, 30 it is widely accepted that the absolute magnitudes of the atomic populations yielded by the formalism above have little physical meaning, since they still have a high degree of sensitivity depending on the atomic basis set with which one performs the analysis. 31 However, consideration of their relative values can yield useful information, 32 as far as a consistent basis set is provided for the population analysis. Figure 2 shows PDOS with respect to the atomic basis functions of the Cu, O, R (=B, C, and N), and the aromatic ring (referred to as Ring) for each of the Cu-terminated BDB, BDC, and DNB molecules. Since the atoms C1 and C2 in the aromatic ring (see Fig. 1 ) are not equivalent, the PDOS curves drawn in the panels labeled Ring are averaged over the six C atoms so as to be comparable with the other PDOS.
The PDOS of the Cu-terminated BDB molecule is shown in Fig. 2(a) . A specific feature of this PDOS is the presence of electronic states in the energy range [−1.0, −0.5] eV at the C, O, and Ring while at the B atom these states are absent. This suggests that, within this energy range, the atomic orbitals Fig. 1 . The black dashed and red solid curves represent σ and π character of the molecular orbitals. The Fermi energy E F is set at the middle of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). For the Cu-terminated BDC and DNB molecules, the PDOS peak of the σ character at the Fermi energy E F , which looks like a single peak, contains the HOMO and LUMO with an energy separation of < 40 meV.
of the B atom do not contribute to the molecular orbitals which must have node structures at the B atoms. For the other two Cu-terminated molecules, we can see a very small PDOS contributions at the C and N atoms over a wider energy range from Cu-terminated BDB molecule, the Cu-terminated BDC and DNB molecules do not have PDOS at their aromatic rings over the energy range from −1.5 eV to the Fermi energy E F . These differences in the electronic structures are expected to affect the electron transport properties of the molecule in junction structures. In addition, the prominent PDOS peak at the Fermi energy E F , which is commonly observed over all four panels in Fig. 2(c) , can contribute to the electron transport properties of the DNB molecular junction as well.
To analyze the electron transport properties of the molecular junctions in more detail, in the following, we move to more realistic molecular junction systems with/without the jellium model as shown in Fig. 1 , and examine their electronic structures and the ballistic electron transport properties. Figures 3, 4 , 5(a), and 5(b) compare the PDOS at the molecular regions of the systems with and without the jellium approximation for BDB, BDC, and DNB molecular junctions, respectively. PDOS of the two BDB molecular junctions, shown in Fig. 3 , present several common features: Two large PDOS peaks originating from π orbitals of the aromatic ring are clearly observed just below the Fermi level E F , small PDOS peaks are seen at the B atoms, and at the O atoms one large σ -orbital peak and three π -orbital peaks are found below the Fermi level E F . For the BDC molecular junction, by comparing Figs. 4(a) and 4(b) one can see that the PDOS of the C atom and the aromatic ring are almost identical, and that the PDOS for the O atom and the Cu adatoms do not show a significant difference between the two models. Therefore, it can be concluded that the influence of the jellium approximation on the electronic structure of the molecular region is small enough for the BDB and BDC molecular junctions, and hence the electronic structures of the molecular region of these junctions are not disturbed artificially even in the models with the jellium parts.
On the other hand, for the DNB molecular junction, the PDOS peak at the energy of −0.07 eV in Fig. 5(a) is identified with that at the energy of −0.46 eV in Fig. 5(b) , because these peaks are confirmed to originate from the same molecular state, as seen in Figs. 5(c) and 5(e). In the same way, the PDOS peaks indicated by (d) and (f) are identified with each other as well. This energy shift reveals that the jellium approximation used in our calculations still affects the electronic structures of the molecular region in the case of this molecular junction. The energy shift to the negative side can be attributed to the electronegativity of the N atoms attracting more electrons than B and C atoms. Therefore, in the following discussion on the electron transport through the DNB molecular junction, we have to keep in mind this energy shift. We note that at low binding energies these PDOS peaks preserve the main feature observed in the cases of the Cuterminated BDB, BDC, and DNB molecules shown in Fig. 2 . However, close to the Fermi energy E F some PDOS peaks at the atoms in the anchoring groups change their energetic position due to the binding of the Cu-terminated molecule to the Cu(110) electrodes.
Interestingly, in the case of BDC molecular junction, the PDOS of the atoms belonging to the carboxylate groups has a significantly smaller contribution in the energy range [−1.0, +1.0] eV as compared to boronate and nitro anchoring groups. This observation suggests that the BDB and DNB molecular junctions might exhibit a finite conductivity at the zero-bias limit or at small bias voltage.
Moreover, the PDOS indicates that the BDB and DNB molecular junctions are different from each other: In the DNB molecular junction the PDOS peaks around the Fermi energy E F are present at the N atoms, while these peaks are suppressed at the B atoms of the BDB molecular junction, as seen in Figs. 3 and 5 . This difference is also expected to lead to a specific electron transport for each of these two molecular junctions.
To compare the electronic structures and the electron transport properties and to discuss the relationship between them, the electron transmissions of the three organic molecular junctions are shown in Fig. 6 . As expected from their electronic structures, at zero bias the electron transmissions exhibit a clear difference around and above the Fermi energy E F . Indeed, the BDC molecular junction has no electron transmission at the Fermi energy E F , because of the absence of electronic states at the Fermi energy E F as shown in Fig. 4(b) .
In contrast, the BDB molecular junction has a small electron transmission of 0.02G 0 at the Fermi energy E F due to the tail of the transmission peak at −0.3 eV. This transmission peak originates from a hybrid molecular-junction state with a π character in the molecular region at the same energy as shown in Fig. 3(b) .
The transmission curve for the DNB molecular junction, which does not take into account the energy shift discussed above, exhibits a larger electron transmission of 0.2G 0 at the Fermi energy E F . When one takes into account the energy shift, the transmission peak at the energy of −0.45 eV comes close to the Fermi level E F , and hence a much larger transmission value can be expected.
In addition, by analyzing the electron transmission spectra within a small energy range around the Fermi energy, one can also expect nonzero conductivity when applying small bias voltages. At variance with the zero-bias case where no electron transport was present, the current will flow through the BDC molecular junction when applying a bias voltage such that the broad transmission peak at +0.6 eV will became available for conduction.
For the BDB molecular junction, in addition to the small transmission peak at +0.8 eV, the conductance is expected to significantly increase due to two sharp transmission peaks at the energies around −0.3 and −0.4 eV. In the case of the DNB molecular junction, when applying finite bias voltages the conductivity is expected to change significantly because the valleys and peaks of the transmission curve comes to be involved in the voltage window.
To conclude this section, our first-principles calculations indicate that, for the same molecular core (C 6 H 4 ), the nitro and boronate anchroring groups will substantially increase the electron transport as compared to the carboxylate one, which exhibits a low conductance. In particular, a low conductance of the metal-carboxylate interface predicted by our calculations agrees well with several electron transport experiments (see, for instance, Ref. 33 and references therein). Therefore, our study clearly demonstrates the possibility of tuning electron transmission by functionalizing the anchoring groups.
IV. CONCLUSION
To summarize, we have systematically investigated the electronic structures and electron transport properties of the BDB, BDC, and DNB molecular junctions by changing the chemical nature of one atom in each anchoring group. The chemical functionalization of the anchoring groups was performed starting from the carboxylate group by replacing the C atom with a less electronegative B atom (boronate group) and with a more electronegative N atom (nitro group).
Although the electronic states of the B, C, and N atoms have a small weight around the Fermi energy, their different electronegativity strongly affects the energetic position of the hybrid states with π character at the aromatic ring. As a consequence, the BDB and DNB molecular junctions have a finite PDOS at around the Fermi energy, while the BDC molecular junction has no PDOS at this energy.
This difference is directly reflected in the electron transmission spectra. At zero bias, the former two molecular junctions have finite electron transmissions due to the PDOS peaks present around the Fermi energy, and the latter molecular junction has no electron transmission. However, at small bias-voltage application, the BDC molecular junction will exhibit a small conductance while BDB and DNB molecular junctions will have a significantly large conductance with respect to the zero-bias case.
To conclude, our theoretical results demonstrate the possibility that, by chemical functionalization of the anchoring groups in molecular junctions, a fine tuning of their electron transport properties can be achieved. This is an alternative path to manipulate the conductance of molecular junctions as compared with the possibility of modifying the molecular core. The knowledge gained in our study can be further used to efficiently design future molecular electronic devices with specific functionality.
